Cytoplasmic dynein-1 is a large minus-end-directed microtubule motor complex involved in membrane trafficking, organelle positioning, and microtubule organization. The roles of dynein light intermediate chains (DLICs; DLIC1 and DLIC2) within the complex are, however, still largely undefined. In this study, we investigated the possible roles of DLICs in epithelial homeostasis and colon cancer development. Mutant clonal analysis of Drosophila Dlic in the follicular epithelium of Drosophila ovary showed defects in nuclear positioning, epithelial integrity, and apical cell polarity. Consistently, knockdown of human DLIC1 and DLIC2 in colon carcinoma cells resulted in damaged epithelial organization, disturbed lumen formation, and impaired apical polarity establishment in three-dimensional cell culture. Depletion of DLIC1 and DLIC2 led to reduced proliferation, enhanced apoptosis rates, disrupted mitotic spindle assembly, and induction of G2/M arrest in cell cycle progression. Moreover, reduced levels of DLIC1 in contrast to DLIC2 impaired the migratory ability. On the other hand, immunohistochemical examination of human colorectal tissue samples and further colorectal cancer dataset analysis showed a significant upregulation for DLIC1 in tumors, whereas DLIC2 expression was unchanged. In addition, the overexpression of DLIC1 caused increased proliferation, decreased apoptosis and enhanced migration, whereas DLIC2 overexpression did not result in any significant changes. Together, these results indicate that DLIC1 and DLIC2 contribute to the establishment and maintenance of epithelial homeostasis. Furthermore, these findings present the first evidence that DLIC1 and DLIC2 have distinct roles in colon cancer development and that DLIC1 may contribute to proliferative overgrowth and migratory characteristics.
Introduction
The establishment of epithelial homeostasis plays a key role in the morphogenesis and organization of epithelial tissues [1] . Several mechanisms have evolved to maintain homeostasis by regulating cell division, growth, polarity, movement, and cell death [2] . When this regulatory crosstalk is disrupted by genetic and epigenetic changes, cancer develops [3, 4] . Among epithelial cancers, colorectal cancer is the third most commonly diagnosed cancer and the second leading cause of cancer death worldwide [5] . According to the current model of human colon cancer progression, loss of APC initiates the formation of an early adenoma in colon [6, 7] . This is followed by oncogenic activation of Kirsten rat sarcoma viral oncogene homolog, loss of p53 and the 18q locus that together contribute to tumor progression. Although enormous progress has been made in defining some of the common genetic and epigenetic alterations in colorectal cancer, an in-depth and comprehensive understanding of the biologically and clinically distinct subsets of colorectal cancer is still missing. Therefore, we sought to identify novel factors involved in epithelial homeostasis.
Cytoplasmic dynein-1 is a large minus-end-directed microtubule motor complex involved in membrane trafficking, organelle positioning, mRNA localization, and microtubule organization [8, 9] . It consists of four classes of subunits that all occur as dimers in the complex: dynein heavy chain, intermediate chain, light intermediate chain (DLIC) , and light chains [10] . The largest subunit is the heavy chain and contains the motor enabling the microtubule binding and ATP hydrolysis domains generating movement along microtubules. The other subunits including DLIC comprise the cargo binding domain and are involved in linking dynein to cargos and adapter proteins that regulate dynein function [11] . DLICs are among the least studied dynein subunits and their role within the complex is not well understood. Vertebrates have two DLIC genes, DLIC1 [official gene symbol: cytoplasmic dynein 1 light intermediate chain 1 (DYNC1LI1), NCBI gene ID: 51143] and DLIC2 (official gene symbol: DYNC1LI2, NCBI gene ID: 1783), that are alternatively spliced and differentially phosphorylated to generate multiple isoforms, whereas lower eukaryotes such as Drosophila have only one DLIC gene [12] . As vertebrate dyneins contain either DLIC1 or DLIC2, it has been proposed that they are responsible for the transport of specific cargos [13] . Previous studies identified important roles for DLICs in the regulation of mitotic progression [14, 15] . In vertebrates DLIC1, but not DLIC2, interacts with the centrosomal protein pericentrin and participates in its recruitment to centrosomes [16] . In addition, DLIC2, but not DLIC1, interacts with the polarity regulator partitioning defective 3 homolog (Par3) suggesting a role in microtubule organization, centrosome polarization and mitotic spindle orientation [17, 18] . Moreover, specific modifications may add another layer of complexity; for example, in mitosis vertebrate DLIC1 is phosphorylated by cyclin-dependent kinase 1 leading to dynein's release from membranes and promoting its association with the spindle assembly checkpoint components mitotic arrest deficient 1/2 and ZW10 [19] . Furthermore, both DLICs are involved in centrosome anchoring to the nuclear envelope in the late G2 phase and mitotic chromosome alignment [20] .
In the present study, we investigated the possible roles of DLICs in epithelial homeostasis and colon cancer development. Our data revealed critical roles for DLICs in the regulation of apical cell polarity, epithelial formation, proliferation, apoptosis, mitotic spindle dynamics, and cell cycle progression in colon cells. We showed that DLIC1 is upregulated in colon tumors and required for invasive characteristics of colon cancer cells. Thus, we present for the first time evidence that upregulated DLIC1 may promote tumorigenesis in colon cancer by interfering with epithelial homeostasis.
Results
Dlic mutant cells show defects in nuclear positioning, epithelial integrity, and apical localization of crumbs in Drosophila
We previously identified the Drosophila Dlic gene in a genome-scale in vivo RNAi screen for genes involved in the formation and maintenance of Drosophila follicular epithelium [21] . This epithelium is a monolayer surrounding the oocyte (Fig. 1A) . Knockdown of Dlic resulted in mispositioning of epithelial nuclei accompanied by a transformation of the monolayer into a bior multilayer [21] . To validate this phenotype, we generated genetically mosaic epithelia composed of homozygous mutant Dlic clones and wild-type cells in Drosophila. Dlic mutant cells localized their nuclei at random positions within the cells (arrows in Fig. 1B) . Moreover, some mutant cells lost contact with the oocyte and started to form a second epithelial layer (arrowheads in Fig. 1B) . Thus, mutant analysis confirms a function of Dlic in nuclear positioning and maintenance of epithelial integrity.
It has been shown that dynein is required for the apical localization of the polarity proteins crumbs (Crb) and Stardust in the follicular epithelium [22, 23] . Consistent with this, we found that the apical membrane markers Crb and atypical protein kinase C (aPKC) are strongly reduced in Dlic mutant cells (arrowheads in Fig. 1C,D) . By contrast, the lateral membrane marker discs large (Dlg) [24, 25] , which is enriched at the septate junctions (the functional equivalent of the tight junctions in insects), is normally localized in mutant cells that still have contact with the oocyte. This suggests that Dlic is not necessary for the specification of the lateral membrane domain but specifically required for apical membrane polarity. In epithelia in which the mutant cells form bilayers, Dlg expands into the apical region of those cells that lost contact to the oocyte (arrowheads in Fig. 1B ). This is consistent with the idea that Dlic mutant cells first lose apical polarity before they 'lateralize' their apical membrane and form a bilayered epithelium. Together, these results indicate that Dlic is required for the establishment of apical polarity and maintenance of epithelial integrity in Drosophila.
DLIC1 or DLIC2 depletion leads to disrupted lumen formation and impaired apical cell polarity in 3D cell culture
To characterize the functional roles of the human homologues DLIC1 and DLIC2 in epithelial homeostasis, we first established an efficient knockdown for each gene in Caco-2 colon carcinoma cells using an siRNA-approach ( Fig. 2A,B) . We validated the target specificity of the siRNAs and antibodies by performing qRT-PCR and western blot analysis. As indicated in the qRT-PCR analysis, DLIC1 and DLIC2 expressions were not affected by each other's downregulation ( Fig. 2A) . Consistently, DLIC1-and DLIC2-specific antibodies detected only the decreased levels of the specific target protein (Fig. 2B) , confirming the specificity of the antibodies (Fig. 2C) .
To explore the roles of DLIC1 and DLIC2 in epithelial organization and cell polarity, we used a threedimensional (3D) cell culture system that mimics the in vivo environment of cells allowing them to grow in three dimensions. In this system, we downregulated DLIC1 and DLIC2 in Caco-2 cells using specific siRNAs and grew the cells in Matrigel. After 3 days, cells transfected with non-targeting siRNAs generated fully polarized cyst structures surrounding an apical lumen with an enhanced actin accumulation (Fig. 3A) . In contrast, Caco-2 cells transfected with DLIC1-or DLIC2-specific siRNA formed aberrant cysts with multiple disorganized lumens (Fig. 3A) . These cells showed reduced numbers of single lumens (Fig. 3B ) and smaller cyst formations with significantly decreased numbers of cells per sphere (Fig. 3C) . These results indicate that DLIC1 and DLIC2 are required for proper lumen formation and play essential roles in the establishment of apical polarity and epithelial organization. Caco-2, HCT116, HT29, and T84 colon cancer cells. As a positive control, the knockdown of phosphatase and tensin homolog (PTEN) tumor suppressor gene resulted in enhanced proliferation (Fig. 4A ). Single depletions of DLIC1 and DLIC2 led to significantly attenuated proliferation levels (Fig. 4A) . Interestingly, upon DLIC downregulation cells harboring APC mutations (Caco-2 > T84 > HT29) displayed a stronger , DLIC1-or DLIC2-siRNA. DLIC2 mRNA levels were not affected by the siRNA transfection against DLIC1, and DLIC1 expression was also not influenced by the DLIC2 downregulation, indicating the target specificity of the siRNAs. Results were normalized to the geometric mean of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and hypoxanthine phosphoribosyltransferase (HPRT) mRNA levels. (B) Western blot presenting the reduced levels of DLIC1 and DLIC2 proteins in Caco-2 cells. The DLIC1-and DLIC2-specific antibodies detected the decreased levels of DLIC1 and DLIC2 proteins, respectively, upon the specific downregulations. The DLIC1 antibody was not able to determine a reduction in DLIC2 protein level, and the DLIC2 antibody also could not detect a decrease in DLIC1 protein level, demonstrating the specificity of the antibodies against the targeted protein. b-Actin was used as internal control. The approximate molecular masses of the corresponding proteins in kDa are given on the left. (C) Alignment of human DLIC1 and DLIC2 protein isoforms. Amino acid sequences were taken from the protein database 'UniProt' (http:// www.uniprot.org/uniprot/; DLIC1: Q9Y6G9; DLIC2: O43237) and aligned using the online bioinformatics tool CLUSTAL OMEGA. Differences in amino acids are indicated by stars and are highlighted with red; similar residues are indicated by dots. The yellow frame indicates the DLIC1 antibody antigen sequence. DLIC1 and DLIC2 protein sequences show 63% homology. The DLIC1-specific antibody binds to the C-terminal region of the DLIC1 protein, which shows high dissimilarity to the DLIC2 protein isoforms.
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The FEBS Journal 286 (2019) 803-820 ª 2019 Federation of European Biochemical Societies decrease in proliferation compared to cells having wild-type APC (HCT116; Fig. 4A ) [26] . Moreover, expression of RNAi-resistant cDNAs, namely mouse Dlic1 and rat Dlic2, in HCT116 cells with downregulated DLIC1 and DLIC2, respectively, was able to rescue the ability of cells to proliferate (Fig. 4B ). In addition, we examined the effects of DLIC1 and DLIC2 knockdowns on apoptosis and cell viability in Caco-2 and HCT116 cells. As a positive control, we treated the cells with staurosporine, which enhanced apoptosis and decreased cell viability (Fig. 4C,D) . Notably, cells with reduced levels of DLIC1 or DLIC2 showed significantly increased apoptosis and reduced cell viability levels. These findings together suggest that DLIC1 and DLIC2 are required for the maintenance of the proliferative-apoptotic balance.
DLIC1 or DLIC2 downregulation leads to G2/M arrest by disrupting spindle assembly
To further characterize the influence of DLICs on cell cycle progression, we performed flow cytometry and examined the cell cycle distribution in Caco-2 cells transfected with non-targeting, DLIC1 or DLIC2 siRNA. DLIC1 and DLIC2 depletions resulted in an increased G2/M phase population and led to a significant reduction in G1 phase, whereas the S phase population remained unchanged (Fig. 5A,B) . In addition, a mitotic index analysis revealed a strongly enhanced mitotic percentage in Caco-2 cells upon DLIC1 and DLIC2 knockdown (Fig. 5C ), similar to the previously published findings in HeLa cells [20] . We further examined the spindle assembly in the same cells and found that both downregulations disrupted spindle morphology and induced multipolar spindles (Fig. 5D,E) , consistent with the previously published data in HeLa cells [15] . Together, these observations suggest that either DLIC1 or DLIC2 is required for bipolar spindles and regular mitotic progression.
DLIC1, but not DLIC2, deficiency impairs cell migration
To explore the influence of DLIC1 and DLIC2 on cell migration, we performed scratch wound assays and compared the collective cell migration [27, 28] of HCT116 colon cancer cells transfected with non-targeting, DLIC1, or DLIC2 siRNA using live-cell microscopy. Upon DLIC1 downregulation, the collective cell migration, an important invasion strategy in most epithelial tumor types including colon cancer [27, 28] , was significantly reduced and cells failed to close the gap. In contrast, DLIC2 depletion did not lead to a significant change in collective sheet migration and cells were able to close the gap partially ( Fig. 6A-C ; Videos S1-S3). In addition, we tracked single cells at the migratory front and compared the velocity and the forward migration index (FMI) of these leader cells [29] . Upon DLIC2 depletion, in contrast to DLIC1, the migration velocity of leader cells was significantly increased (Fig. 6D ). Taking the net distance and the total distance into consideration then both proteins had an impact on the FMI; however, in contrast to DLIC2 only DLIC1 loss lowered this index (Fig. 6E ). In sum, these results indicate that DLIC1, but not DLIC2, is involved in the regulation of collective cell migration in colon cancer cells.
DLIC1, but not DLIC2, is upregulated in colorectal tumors
To investigate the expression pattern of DLICs in colon carcinoma, we performed immunohistochemical staining for DLIC1 and DLIC2 in tumor-free human colon and colorectal carcinoma tissue samples with different tumor grades (G1-G3). First, we stained 20 human tissue samples and evaluated them for DLIC1 and DLIC2 expression. In the tumor-free colon, DLIC1 showed a weak, diffuse staining (indicated by brown color) in the cytoplasm of the Caspase 3/7 assay results indicating the apoptosis rates (C) and cell viability rate (D) in Caco-2 and HCT116 cells upon knockdown of DLIC1 or DLIC2. As a positive control, staurosporine (Staurosp.) treatment significantly increased apoptosis rates and reduced cell viability rate. Upon DLIC1 and DLIC2 knockdowns, cells showed significantly increased apoptosis levels and reduced cell viability levels. Values are representative of three independent biological experiments in technical triplicates and data are shown as mean AE SD. *P < 0.05, **P < 0.01, and ***P < 0.001 indicate significance by one-way ANOVA.
normal colon epithelial cells (Fig. 7A) . In comparison to tumor-free samples, colorectal tumors showed a stronger staining for DLIC1 with enhanced expression in moderately (G2) and poorly differentiated (G3) tumors (Fig. 7A) . In contrast, DLIC2 did not show an altered expression pattern in colorectal tumors (Fig. 7B ).
Since the analysis of the first 20 samples indicated an increased expression for DLIC1, but not for DLIC2, in colorectal tumors, we further performed immunohistochemical staining for DLIC1 in an additional 100 human colorectal tissue samples. The immunostaining results of 120 samples in total were then semi-quantitatively analyzed for DLIC1 expression using Remmele scoring. The majority of tumor-free samples (51%) presented a weak DLIC1 staining, whereas the majority of colorectal tumors (59%) showed moderate (49%) or strong staining (10%) for DLIC1, demonstrating that DLIC1 expression is higher in colorectal tumors (Fig. 7C) . In addition, Remmele scoring in different tumor grades indicated that G2 and G3 tumors displayed a stronger DLIC1 expression compared to G1 tumors (Fig. 7D) . Moreover, DLIC1 expression in each of G1-, G2-and G3-grade tumors was higher compared to the morphologically normal-appearing colon nearby the tumor (Fig. 7D) , suggesting that DLIC1 upregulation may be an early event in colon tumorigenesis.
Furthermore, we analyzed The Cancer Genome Atlas (TCGA) colorectal adenocarcinoma mRNA expression dataset [30] for the expression profile of DLIC1 and DLIC2. Consistent with our findings, this dataset presented a significant upregulation for DLIC1 in colorectal tumors compared to tumor-free colon/ rectal tissue (Fig. 7E) , whereas DLIC2 expression was not significantly changed in the same tumors (Fig. 7F) .
DLIC1, but not DLIC2, overexpression induces proliferation, decreases apoptosis, and enhances migration
Since the immunohistochemistry results presented a remarkable upregulation for DLIC1, unlike DLIC2, in colorectal tumors, we analyzed whether increased levels of DLIC1 and DLIC2 have an influence on proliferation, apoptosis, and migration in colon cancer cells. For this, we first established an efficient overexpression for DLIC1 and DLIC2 in HCT116 and HT29 cells due to their ease of transfection and confirmed the increased protein levels with western blot (Fig. 8A) . As a result, DLIC1 overexpression led to increased proliferation (Fig. 8B ) and decreased apoptosis (Fig. 8C ) in both cell lines and increased cell viability in HCT116 cells (Fig. 8D) . In contrast, the increased expression of DLIC2 did not significantly influence the proliferative and apoptotic activity (Fig. 8B,C) . Furthermore, DLIC1, but not DLIC2, overexpression strikingly enhanced the collective cell migration of HCT116 cells ( Fig. 8E ; Videos S4-S6). On the other hand, the overexpression of DLIC1 or DLIC2 increased the migration velocity of leader cells (Fig. 8F) . However, this led only for DLIC1 to a significantly increased FMI (Fig. 8G) .
Together, these results indicate that, unlike DLIC2, upregulated DLIC1 may induce proliferative overgrowth of colon cancer cells by enhancing proliferation and suppressing apoptosis, and also contribute to invasiveness of colon cancer cells by playing an inductive role in cell migration.
Discussion
In this study, we identified critical roles for DLIC1 and DLIC2 in several cellular mechanisms regulating epithelial homeostasis. Although both human DLICs were required for epithelial organization, apical cell polarity, proliferation, mitotic progression, and spindle assembly, only DLIC1, but not DLIC2, overexpression resulted in enhanced proliferation, suppressed apoptosis, and increased migration. In addition, we present the first evidence that DLIC1, but not DLIC2, is upregulated in colorectal tumors with enhanced expression in G2 and G3 stages. Thus, we suggest DLIC1 and DLIC2 may have distinct roles in colon cancer development and DLIC1, but not DLIC2, may contribute to proliferative overgrowth and migratory characteristics of colon cancer cells.
The ability of epithelial cells to maintain apicalbasal polarity is essential for the physiological functions and tissue integrity, whereas loss of cell polarity and the subsequent tissue disorganization are hallmarks of cancer. It has been previously reported that the dynein heavy chain regulates epithelial cell polarity by determining the localization of the apical polarity determinants Stardust [22] and Crb [23] in Drosophila. Although, the human DLIC2 protein has been found to interact with the polarity regulator Par3, which is essential for the apical aPKC localization and epithelial organization [17] , the role of human DLICs in epithelial polarity was not well known. Here, we showed for the first time that human DLIC1 and DLIC2 as well as Drosophila Dlic are required for epithelial morphogenesis and apical cell polarity establishment.
In addition to loss of cell polarity, cancerous growth is also associated with deregulated proliferation, impaired cell death and uncontrolled increase in cell number [31] . Previous reports demonstrated that both human DLICs are involved in centrosome anchoring, chromosome alignment, and spindle organization in mitosis [15, 19, 20] , and single depletions of DLICs resulted in mitotic progression delay [32] . Consistent with this, our depletion data indicated that DLIC1 and DLIC2 are required to maintain a proliferativeapoptotic balance and a regular cell cycle progression by ensuring a bipolar mitotic spindle organization.
While loss of polarity, deregulated proliferation and apoptotic pathways are fundamental traits of tumorigenesis, invasive capacity is the most important feature distinguishing benign lesions from malignant tumors Colorectal tumors in all three grading stages showed significantly increased staining for DLIC1 compared to tumor-free colon tissue. G2 and G3 tumors presented stronger DLIC1 expression compared to G1 tumors. (E,F) Microarray-based expression data (Oncomine database, TCGA dataset) analysis for the expression of DLIC1 and DLIC2 in tumor-free colon (n = 19) and rectum (n = 3) vs adenocarcinomas (n = 101). Preprocessed data from the array was log2-transformed and median-centered. (E) In colorectal adenocarcinomas DLIC1 was significantly upregulated (1.5-fold) compared to tumor-free colon or rectum samples (***P < 0.001). (F) DLIC2 expression was not significantly altered in colorectal tumors (ns).
[31]. So far, there was no information about the roles of dynein subunits in cell migration. In our studies, DLIC1 and DLIC2 depletion exhibited different influences from each other on cell migration, underlining the assumption that diverse dynein functions may arise from the subunit heterogeneity. Our results indicated for the first time an inductive role for DLIC1 in migration of colon cancer cells, whereas DLIC2 did not influence this cellular feature.
Moreover, our human tissue expression analysis and overexpression data further revealed different profiles for DLIC1 and DLIC2. Our immunohistochemistry analysis demonstrated a remarkable upregulation for DLIC1, unlike DLIC2, in human colorectal tumors, which was further confirmed by the TCGA colorectal expression data. Moreover, our overexpression studies supported a possible contribution of DLIC1 to the tumorigenic characteristics of colon cancer cells by inducing proliferation, suppressing apoptosis, and enhancing migration, unlike DLIC2.
But, how can DLIC1 execute its tumorigenic function? Accumulating data provide important clues about distinct cellular functions of DLIC1 and DLIC2 through specific molecular interactions. Vertebrate dynein complexes contain either DLIC1 or DLIC2, but not both, indicating that they recruit specific cargos [8] . In respect to this, diverse interaction partners of DLIC1 and DLIC2 may define their discrete regulatory roles and different contributions to tumorigenesis and cancer. It has been shown that DLIC1 is required for dynein recruitment to lysosomes and late endosomes, unlike DLIC2 [33] . In addition, sorting nexin-8, which regulates the transport from endosomes to trans-Golgi network [34] , has been found to couple to dynein complexes containing DLIC1, but not DLIC2 [35] . Furthermore, it has been previously reported that DLIC1, but not DLIC2, interacts with pericentrin and participates in its recruitment to centrosomes [36] . Pericentrin is an integral component of centrosomes serving as a multifunctional scaffold for anchoring various proteins [37] . Similar to DLIC1, pericentrin was also found to be significantly upregulated in colon tumors [30] and centrosomal abnormalities as well as multipolar spindle formations in solid tumors were shown to be accompanied by increased pericentrin levels [38] . Regarding this, DLIC1 may specifically function together with pericentrin to regulate spindle dynamics and mitotic progression, and this possible cooperation may further contribute to colon cancer development.
During migration, individual cells must polarize to efficiently move from one position to another and this cell polarization is largely determined by the localization of the microtubule-organizing center (MTOC) relative to the nucleus [39] . It has been reported that DLIC1, together with microtubule-associated protein end binding-1 (EB1), is essential for the positioning of the MTOC and the polarization in single cells lacking cell-cell contacts, whereas DLIC2 and its interaction partner Par3 are not involved in this process [40] . EB1 was initially identified as an interaction partner of adenomatous polyposis coli (APC), encoded by a key suppressor gene frequently mutated in colon cancer [6] , and recent data indicate that EB1 is significantly upregulated in colon cancer [30] . Moreover, our results showed that APC inactivation mutations, the most common mutations in colon cancer [6] , may enhance the proliferation defect caused by DLIC depletion in colon cancer cells. In addition to its role in the Wnt signaling pathway as a regulator of b-catenin degradation, APC is also a microtubule-binding protein that localizes to kinetochores and regulates chromosome segregation in mitosis [41, 42] . Although the dynein complex and APC were identified as substrates of glycogen synthase kinase-3-b [41, 43] , there is no clear evidence showing a physical interaction between APC and dynein subunits. Given the fact that APC and DLIC1 are associated with EB1 and involved in the regulation of spindle organization and showing the apoptosis and cell viability rates in HCT116 and HT29 cells. Apoptotic caspase and cell viability activity were significantly reduced when DLIC1 was overexpressed. In contrast, DLIC2 overexpression did not significantly affect apoptosis rates in the same cells. Staurosporine (Staurosp.) treatment was used as a positive control that was able to induce apoptosis by enhancing the Caspase 3/7 activity and reduce cell viability. (E) Gap closure of HCT116 cells upon the overexpression of DLIC1 and DLIC2 was quantified at time point 22 h and normalized to the wound area in the starting point and the control experiment. Note, increased levels of DLIC1 resulted in significantly enhanced collective cell migration, whereas DLIC2 overexpression did not lead to a significant change. (F) By single cell tracking of leader cells the velocity of these cells was obtained. (G) FMI is given as the ratio between progress of leader cells to the gap and the total distance. All values are representative of three independent experiments and data are shown as mean AE SD. *P < 0.05, **P < 0.01, and ***P < 0.001 by one-way ANOVA; ns, no significance. mitotic progression, a novel possible crosstalk between these molecules may contribute to colon cancer development and invasive characteristics of colon cancer cells.
Taken together, here we demonstrated that DLIC1 and DLIC2 both contribute to epithelial homeostasis, but play distinct roles in colon cancer development. We have presented the first evidence that, unlike DLIC2, DLIC1 is upregulated in colon tumors and may contribute to proliferative overgrowth and migratory characteristics of colon cancer cells. To what extent and through which mechanisms and interactions DLIC1 may contribute to colon cancer need to be further clarified in future studies.
Materials and methods

Drosophila genetics and immunohistochemistry
Genetic mosaics were induced using the FRT/FLP system [44] . We generated Dlic mutant clones by combining chromosomes harboring Dlic 1157 FRT19 [45] , GFP-FRT19 and a heat shock inducible FLP-recombinase. Staining of Drosophila ovaries was performed as described before [21] . [46] and regularly tested for mycoplasma contamination using the PCR Mycoplasma Test Kit I/C (Promocell, Heidelberg, Germany). All siRNAs (DLIC1, DLIC2, PTEN siRNAs; OTP pools containing four different siRNAs; or siGENOME Non-targeting siRNA #5 as a control; Thermo Fisher Scientific) were reverse-transfected using the Dharmafect-1 and -4 transfection reagents (Thermo Fisher Scientific). HCT116 and HT29 cells were transfected with the pCMV-SPORT6-mouse-Dlic1 (BC023347; Thermo Fisher Scientific) and pCMV-rat-Dlic2 (provided kindly by R. Vallee) plasmids and corresponding vector controls using the X-tremeGene-HP transfection reagent (Roche, Mannheim, Germany).
Antibodies and reagents
Cell culture and transfections
3D cell culture
Eight-well chamber slides were coated with 10 lL Matrigel (9 mgÁmL À1 ; 356234; BD Biosciences, Heidelberg, Germany) and incubated for 30 min at 37°C to solidify. Cells that were transfected 24 h before were suspended in medium containing 2.5% Matrigel. From this suspension, 15 000 cells were seeded into each well and grown for 3 days to allow cysts to form. For IF, cells were fixed in 4% formaldehyde, blocked in IF buffer (0.2% Triton X-100, 0.1% BSA, 0.05% Tween 20 in PBS) containing 10% normal goat serum (NGS) and incubated with primary and secondary antibodies diluted in IF buffer containing 10% NGS. For statistical examinations, at least 200 cysts were analyzed in each experiment.
RNA isolation and qRT-PCR
Total RNA was isolated from cultured cells using the RNeasyMini kit (Qiagen, Hilden, Germany) and cDNA synthesis was performed using the high capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific) according to the manufacturer's protocol. Relative gene expression was measured by qRT-PCR using Power SYBR Green PCR Master Mix 
Western blotting
Cells were harvested and lysed using Laemmli buffer. For immunoblotting, proteins decorated with specific primary antibodies and secondary antibodies were detected by using a chemiluminescence system (ECL Western blotting substrate, Thermo Fisher Scientific). Light emission was detected by exposure to X-ray film that was developed in a film processor (Cawo, Schrobenhausen, Germany).
Proliferation assay
Cells were transfected in 96-well plates and 48-72 h later the bromodeoxyuridine (BrdU) incorporation was analyzed using the Cell Proliferation ELISA kit (Roche) according to the manufacturer's protocol. The absorbance was detected using the M200 microplate fluorescence reader (Tecan, M€ annedorf, Switzerland).
Apoptosis assay
Cells were transfected in 96-well luminescence plates and 48-72 h later the CaspaseGlo-3/7-Assay (Promega, Mannheim, Germany) was performed according to the manufacturer's instructions. Luminescence was detected by the M200 microplate fluorescence reader (Tecan). As a positive control, cells were treated with 1 lM staurosporine (S5921; Sigma-Aldrich) for 24 h in parallel.
Cell viability assay
Cells were transfected in 96-well plates and 72 h later the CellTiter-Blue assay (Promega) was performed according to the manufacturer's instructions. Fluorescence was recorded using 560/590 nm by the GloMax-Multi+ microplate fluorescence reader (E8032; Promega). As a positive control, cells were treated with 1 lM staurosporine (S5921; SigmaAldrich) for 24 h in parallel.
Flow cytometry
Cells were synchronized by serum starvation for 48 h in 0.2% FBS and transfected with siRNAs. Seventy-two hours after transfection, cells were fixed in 70% ethanol for 1 h and stained with 1 lgÁmL À1 of propidium iodide (ab14083;
Abcam, Cambridge, UK) and 40 lgÁmL À1 RNase (Qiagen) for 30 min. Single cells were analyzed for subG1, S, and G2/ M peaks by fluorescence-activated cell sorting array (BD Biosciences). Analysis was performed with FLOWJO (http:// www.flowjo.com/).
Mitotic index and spindle assembly analysis
Cells were transfected and grown on 10-mm glass coverslips. Seventy-two hours after transfection, cells on coverslips were fixed in methanol/acetone and incubated with specific primary antibodies against a/b-tubulin and ctubulin and secondary antibodies accordingly to visualize spindle organization. For statistical examinations, at least 200 cells were analyzed in each experiment. Cells were counted and analyzed with the Cell Observer microscope (Zeiss, Oberkochen, Germany).
Immunohistochemistry
Immunohistochemical studies were performed on 120 human colon tissue samples including normal colon and colorectal carcinoma samples. Tissue samples were provided by the tissue bank of the National Center for Tumor Diseases (NCT, Heidelberg, Germany) in accordance with the regulations of the tissue bank and the approval of the ethics committee of Heidelberg University. Immunohistochemical staining of the samples and evaluation of the results with Remmele scoring were performed as described previously [47, 48] . Samples having a final Remmele score below 3 were categorized as negative, 3-5 as weak, 6-8 as moderate, and 9-12 as strong. All samples were analyzed by two examiners using the Axiophot microscope (Zeiss) and the data presented are representative for the average of these two independent evaluations.
Expression data analysis
The colorectal adenocarcinoma mRNA expression dataset [44] from TCGA (http://cancergenome.nih.gov/) was analyzed and visualized by Oncomine (http://www.oncomine. org).
Migration (scratch wound) assay
HCT116 cells were transfected in six-well plates and 48 h after transfection the confluent cell monolayer was scratched [49] . The plates were placed in a live-cell incubation chamber with 5% CO 2 level at 37°C, and the migration of the cells into the wound area was monitored for 22 h using a microscope (Cell Observer; Zeiss) and pictures were taken at 30 min intervals during 22 h using a 910 objective. The wound areas in all pictures were quantified automatically using a macro developed for IMAGEJ (http://imagej.net/). To compare gap closure as an indicator of collective cell migration, the end values (22 h) were first normalized to the start values (0 h). Finally, the end values were normalized to negative controls, and thereby the normalized migration profiles of the cells were determined. Results are representative of three independent experiments. For single cell tracking, photos were assembled into a movie and up to 10 cells per biological replicate were manually tracked using IMAGEJ'S Manual 
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